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Abstract. —This study was designed to evaluate selected physiological responses of Salvinia 
minima to copper (Cu 2 ") concentrations of 0.06 (control), 1.0, 2.0, 2.5, and 3.0 mg 1“\ The plants 
were grown under laboratory conditions of 25 ± 2 C, a light intensity of 120 pmol m" 2 s \ and a 14- 
h photoperiod. After seven days of exposure to the Cu, Salvinia growth decreased gradually with 
an increase in Cu concentration resulting in a significant decline at 3.0 mg 1 *Cu. Similar results 
were obtained after 14 days of exposure. However, calculating growth using fresh weight showed 
a significant decline at 2.5 and 3.0 mg l 1 . After 14 days exposure. C0 2 assimilation decreased as 
the Cu concentration increased in the growth media. This decrease in C0 2 assimilation coincided 
with a similar decrease in photosynthetic pigments. Uptake of Cu significantly increased with the 
increase of Cu concentration in the growth media. This study demonstrated the potential of 
Salvinia to remediate Cu in concentrations 100 times what is currently found in freshwater 
environments. 


Toxic heavy metal contamination is common in aquatic ecosystems due to 
both anthropogenic and natural sources. Runoff, industrial waste discharge and 
sewage effluent are the most frequent anthropogenic sources of aquatic 
contamination (Lee et al., 1998). 

Copper (Cu), an essential metal for plant growth is required in trace amounts 
(Guilizoni, 1991). Copper is a constituent of the chloroplast protein plastocy- 
anin, which forms part of the electron transport chain linking the two 
photochemical systems of photosynthesis (Bowyer and Leegood. 1997). In 
addition, Cu functions as an activator or component of certain enzymes that are 
involved in a variety of biochemical processes, such as cytochrome c oxidase, 
and Cu-Zn superoxide dismutase (Linder, 1991). 

Copper uptake appears to be a metabolically mediated process and there is 
evidence that Cu strongly inhibits the uptake of zinc (Zn) and vice versa (Hawf 
and Schmid, 1967). Generally, Cu toxicity causes chlorosis (Lewis, 1993; 
Vavilin et al., 1995) and iron (Fe) deficiency by inhibiting translocation of Fe 
through the plant (Chaney, 1970; Lingle et al., 1963; Wallace and DeKock, 1966). 
In addition, toxic levels of Cu inhibit root growth by damaging plasma 
membrane integrity (Marschner, 1995). 

Copper is one of 13 metals listed as a priority pollutant by the U.S. 
Environmental Protection Agency (EPA) (Salomons et al., 1995) and is among 
one of the most frequently discharged elements into the environment. It has 
been estimated that the global discharge of copper in aquatic systems is near 
112 X 10 ’ metric tons per year (Moore, 1991). Conventional remediation 
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methods such as precipitation, chemical oxidation or reduction, ion exchange, 
filtration, or evaporation processes are generally inefficient for removing metals 
in aquatic systems (Bervoets et al., 1994). In contrast, the use of aquatic plants is 
currently under investigation as a viable alternative for remediation of a wide 
range of contaminants including heavy metals (Lee et al., 1998). This cost- 
elfective, plant-based approach to remediation takes advantage of the remark¬ 
able ability of plants to concentrate elements and compounds from the 
environment and to metabolize various molecules in their tissues (Salt et al.. 
1998). Selecting plants as suitable candidates in phytoremediation must satisfy 
certain criteria such as reasonable tolerance to the contaminant in question, 
relatively high growth rate, and the ability to uptake and preferably metabolize 
the contaminant (Salt et al., 1998). 

The genus Salvinia (Salviniaceae) is comprised ol one genus and 10 known 
species (Nauman, 1993). Salvinia minima Baker is a small, free-floatin° 
freshwater fern found in tropical and temperate regions of the world (DeBusk 
and Reddy, 1987) in areas such as North, South, and Central America, the West 
Indies, and Central America (Nauman, 1993). This plant can be found floating 
near the edges of slow moving streams and in nutrient enriched ponds. It is 
commonly referred to as water spangles and floating fern (Nauman, 1993). 
Salvinia minima demonstrated the ability to withstand aluminum (Al) 
concentrations of 20 mg 1 through the manipulation of the media pH from 
3.9 to near 7 within 24 hours (Gardner and Al-Hamdani, 1997). In addition, 
Salvinia showed considerable ability to accumulate cadmium (Cd II). 10,930 mg 
kg 1 ; therefore it was suggested as a Cd II hyperaccumulater (Olguin etal.. 2002). 
Salvinia has the potential to double its population in approximately 3.5 days 
(Nichols et al., 2000) making it a suitable candidate for phytoremediation. 

This study was designed to evaluate the impact of Cu 2 concentrations of 0.06 
(control), 1.0, 2.0, 2.5, and 3.0 mg 1 on various physiological responses of 
Salvinia including plant growth, photosynthetic pigments, and CO, assimila¬ 
tion. The 0.06 mg 1 concentration designated as the control was selected based 
on the average concentration of Cu in uncontaminated freshwater (Boyd. 1990). 
Copper uptake by Salvinia, grown at the different treatments, was determined. 


Materials and Methods 

The Salvinia minima utilized in this study was taken from stock material 
grown under greenhouse conditions for four years. Dr. David Whetstone, at the 
Jacksonville State University Herbarium, identified the plants, which were 
originallv collected at a drainage ditch near Sanford, Florida (USA). Plants with 
a total of 15 fronds were placed into 60 (250 ml) Erlenmeyer flasks containing 
125 ml of various Cu concentrations dissolved in 10% Hoagland solution with 
a pH of 6.5 (Hoagland and Arnon, 1938). Twelve flasks, samples, were used for 
each of the selected Cu concentrations, control (0.06); 1.0; 2.0; 2.5: and 3.0 mg 
1 _1 . The initial fresh weight of the plants was recorded for each flask. The 
samples were placed randomly in the growth chamber and allowed to grow 
under conditions of 25 ~ 2 : C, a light intensity of 120 pmol m~ 2 s -1 and a 14-h 
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photoperiod. On day seven of the experiment, plant fresh weight and total frond 
number of six randomly selected flasks were assayed. In addition. 0.1 g fresh 
weight of tissue from each flask was used for chlorophyll a and b, and carotenoid 
determination. The remaining samples from these flasks were oven dried at 80°C 
for 48 hrs to be used later for Cu uptake determination. The media of the 
remaining six samples of each treatment were replaced with fresh solutions on 
day seven and the plants were allowed to grow for an additional seven days. On 
day 14 of the experiment, the same physiological parameters were determined 
as was C0 2 assimilation. 

A separate experiment, as described above, was conducted with the exception 
that the media were not replaced at day seven. The existing media was filtered 
twice to reduce algal contamination. These plants were harvested on day 14 and 
oven dried at 80°C for 48 hrs to be used later for total Cu uptake. In addition, the 
medium of each sample was collected and the filters were analyzed for total Cu 
concentrations to insure a total accounting for Cu partitioning. The data 
obtained from this experiment was used to determine bioconcentration factors 
(BCF) and percent of Cu uptake. 

Salvinia growth was expressed as doubling time (DT) in days. The doubling 
time was determined using the following equation: DT=/ log 2 [log (w,w 0 -1 )]~' 
(Moretti and Gigiiano, 1988), where DT is the doubling time (days), t is the 
experiment duration (days), w, is the final weight (or number of fronds), and w n 
is the initial weight (or number of fronds). 

Approximately 0.1 g fresh weight of each sample was used for measuring 
chlorophyll a, b, and carotenoid concentration. The plant was placed into 5 ml 
of N,N-Dimethylformamide (DMF) solution. The samples were incubated in the 
dark for 36 hrs at 4°C. Chlorophyll a and b was determined spectrophoto- 
metrically at wavelengths of 647 and 664.5 nm (Inskeep and Bloom, 1985). 
Carotenoid concentrations of the DMF extract were determined spectrophoto- 
metrically at a wavelength of 470 nm and the concentration was calculated 
using the formula of Doong et al. (1993). 

Carbon dioxide assimilation and internal C0 2 concentrations of six randomly 
selected samples from each treatment were measured four hours after the onset 
of the light period on days seven and 14 of the treatments application. The 
selected plants of each sample were enclosed in a flow-through plexiglass 
assimilation chamber (4.5 by 11.8 by 7.3 cm) of a Li-Cor 6200 photosynthesis 
system (Lincoln, NE, USA) as described by McDermitt et al. (1989). Standard 

r% + 

measurement conditions were 120 pmol 111 “ s _ photon flux density. 45 to 50% 
RH, and 25°. 

Oven dried plant samples, ranging from 0.01-0.07 g, were digested according 
to procedures for Cu sampling outlined in the Buck Model 210 VGP Atomic 
Absorption Spectrophotometer Operating Manual (Buck Scientific, 1996). The 
samples were refluxed in 10 ml of 6N nitric acid for 15 min, just below 
the boiling point, and then 5 ml concentrated nitric acid (15.8N) was added. The 
reflux process was continued until the sample vo ume was reduced to 
approximately 5 ml. The samples were allowed to cool after which 2 ml H 2 0 
and 5 ml 30% H 2 0 2 were added to each sample. The samples were warmed 
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Table 1 . Influence of different Cu concentrations on Salvinio growth. Plant growth is expressed as 
doubling time (DT) based on fresh weight and frond number for both seven and 14 days of 
exposure. LSD (P = 0.05) = Least Significant Difference value for difference between means within 
a column. Same letter denotes no statistical difference. Lower case letters denote differences 

between treatments within a day and upper case letters denote differences between days within 
treatments. N = 24 



DT based on mean 

frond number (days) 

DT based on mean 

fresh weight (days) 



Length of exposure (days) 


Cu (mg 1 ’) 

7 

14 

7 

14 

0.06 (control) 

7.61 aA 

8.23 aA 

5.70 aA 

7.68 aB 

1.0 

8.37 abA 

8.44 aA 

6.03 aA 

8.39 abB 

2.0 

8.10 abA 

8.65 abA 

6.83 aA 

8.79 abB 

2.5 

8.34 abA 

9.17 abA 

7.87 abA 

9.22 bB 

3.0 

9.84 bA 

9.82 bA 

8.92 bA 

10.06 bB 


slowly adding 1 ml of 30% H 2 0 2 as needed until effervescence subsided. After 
cooling again, reflux of the samples was continued for 15 min. using HC1 in 
aratio of 1 ml for each 2 ml of sample. After cooling, the samples were brought to 
25 ml with distilled H 2 0. Standards were established using Cu concentrations 

of 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 mg 1 1 and absorbance was measured for each 
sample using the atomic absorption spectrophotometer. 

Copper concentrations in the growth media were determined following the 

digesting procedure outlined in the Buck Model 210 VGP atomic absorption 

spectrophotometer-operating manual (Buck Scientific, 1996). To the sample 

media, 2 ml nitric acid (15.8N) and 5 ml HC1 was added. The samples were 

refluxed until approximately one quarter of the media remained and the volume 

brought back to 125 ml with distilled H 2 0. The Cu concentration of each sample 

was determined as described above. The BCF was determined as the ratio of Cu 

concentration in the plant tissue to the concentration in the external media 
(Spacie et al., 1995). 

The experiments were statistically analyzed as a randomized complete block 
design (Steel and Torrie, 1980). This design ensured that observed differences in 
plant performances were largely due to treatments rather than variation among 
the four blocks. The block in this study represent the replicate series of each 
experiment conducted at different times. Mean separations for the treatments 
with significant F values (P = 0.05) of ANOVA analysis were based on the least 
significant difference (LSD) test (Steel and Torrie, 1980). 


Results 

After seven days of exposure to the various Cu concentrations, the only 
sls^bficjurt reduction in S olvinici growth was obtained on the medium 
containing 3.0 mg 1 1 Cu (Table 1). Similar results were obtained at the end of 
day 14 of treatments exposure. Additionally, using fresh weight to calculate DT, 
the data showed that Cu concentrations of 2.5 mg 1 1 significantly reduced 
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FabUl 2. Concentrations ot chlorophyll a (Chi a), chlorophyll b (Chi b). and carotenoids in 
salvinia as influenced by different Cu concentrations after seven and 14 days. LSD (P = 0.05) = 
Least Significant Dilterence value for difference between means within a column. Same letter 
denotes no statistical difference. Lower case letters denote differences between treatments within 
a day and upper case letters denote differences between davs within treatments. N = 24 

CIU a Chi b Carotenoid 

(mg g" 1 fr wt.) (mg g 1 fr wt.) (mg g" 1 ff wt.) 

Length of exposure (days) 


Cu cone (mg 1 1 ) 

7 

14 

7 

14 

7 

14 

0.06 (control) 

11.67 aA 

12.82 aB 

6.93aA 

7.01 aA 

3.14aA 

3.61 aA 

1.0 

6.02 bA 

5.98 bA 

3.82 bA 

3.09 bB 

0.47 bA 

0.37 bA 

2.0 

5.10 bA 

3.67cB 

3.25 cA 

1.86cB 

0.30 bA 

0.07 bA 

2.5 

5.60 bA 

4.36 cB 

3.66bcA 

2.40 dB 

0.42 bA 

0.16bA 

3.0 

5.29 bA 

4.57 cB 

3.35 bcA 

2.43 dB 

0.33bA 

0.17bA 


Salvinia growth at the end of dayl4 of treatment (Table 1 ). Salvinia growth, 
measured as frond number DT, was not significantly different in the presence of 
1.0, 2.0, 2.5 mg \~ l Cu from that of 3.0 mg T 1 Cu. Comparing the same treatments, 
day 14 data analysis was shown that significant reduction in growth at 3.0 mg 1 _1 
Cu in contrast to that of 1.0 mg l 1 Cu. Slight deviation from these findings was 
obtained from data analysis using plant fresh weight DT that reveled growth was 
significantly less in 3.0 mg 1 1 Cu than at 1.0 and 2.0 mg l 1 Cu. Using frond 
number DT, no differences were noted in Salvinia growth between day seven 
and 14 at each of the various Cu concentrations. However, there was a significant 
increase in fresh weight DT values, which corresponds to a significant reduction 
in growth, at the end of 14 days for all treatments in comparison to those 
obtained at day seven (Table 1). 

After seven days exposure, the increase in Cu concentrations from 1.0 to 3.0 
mg 1 had similarly influenced chlorophyll a and b and carotenoid concen¬ 
trations and significantly reduced these photosynthetic pigments, relative to the 
control. The only exception to this finding was Chlorophyll b , which was 
significantly higher at 1.0 than at 2.0 mg l -1 Cu (Table 2). In general, a reduction 
in Salvinia photosynthetic pigments obtained at day 14 reflected that seen at 
seven days (Table 2). However, at 1.0 mg 1 _1 Cu, chlorophyll a concentration was 
significantly higher than that of the other treatments except for the control, 0.06 
mg 1 . The gradual decrease in chlorophyll b was interrupted by an increase in 
Cu from 2.5 to 3.0 mg l” 1 in comparison to 2.0 mg l -1 . Chlorophyll 
a accumulation in Salvinia significantly increased at day 14 in comparison to 
day seven within the control (Table 2). However, chlorophyll b and carotenoid 
concentrations were not significantly affected. In comparison the photosvn- 
thetic pigments between days seven and 14 for each treatment, carotenoid 
concentrations showed no significant difference whereas Sahinia grown at Cu 
concentrations of 1.0 mg l -1 and higher revealed a significant reduction in 
chlorophyll a and b, with the exception of chlorophyll a at 1.0 mg l -1 . 

After fourteen days of Cu exposure there were significant decreases in C0 2 
assimilation for all Cu concentrations from 1.0 to 3.0 mg l -1 as compared to the 
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Table 3. Carbon dioxide assimilation and internal C0 2 in Solvinio after 14 days of varying Cu 

exposure. LSD (P = 0.05) = Least Significant Difference value for difference between means within 

a column. Same letter denotes no statistical difference. Lower case letters denote differences 

between treatments within a day and upper case letters denote differences between days within 
treatments. N = 12. 


Cu cone 
(mg l" 1 ) 

C0 2 assimilation 
(umol m~ 2 s -1 ) 

Internal CO, 

_(mr 1 ) ~_ 

0.06 (control) 

2.32 a 

351.37 a 

1.0 

1.51 b 

351.77 a 

2.0 

1.12 c 

350.92 a 

2.5 

1.10 c 

350.92 a 

3.0 

1.01 c 

350.06 a 


control (Table 3). However, treatments receiving 2.0, 2.5, and 3.0 mg l -1 did not 
differ. Furthermore, there was a 25.8, 27.1, and 33.1% increase in C0 2 
assimilation in plants grown at 1.0 mg 1 1 Cu when compared to that obtained 
in plants receiving higher Cu concentrations. Internal C0 2 concentrations were 
not different among plants grown in all treatments (Table 3). 

After seven days of growth, Cu accumulation was significantly higher in 
plants receiving 1.0 to 3.0 mg 1 1 Cu in comparison to the control (Table 4). 
Furthermore, Cu accumulation in Salvinia grown at 1.0 mg 1 1 was significantly 
lower than those plants receiving higher concentrations. At the end of 14 days, 
Salvinia still showed an increase of Cu uptake correlated with increasing Cu 
concentrations in the growth media. However, examining the individual 
treatments showed that at 1.0 mg 1 1 Cu, Salvinia accumulation was similar to 
that of the 0.06 and 2.0 mg l' 1 concentration. Copper uptake of the media 
containing 3.0 mg 1 _1 was the highest in comparison to the other treatments with 
a 43.9% increase in comparison to the nearest treatment, 2.5 mg l -1 . Whereas, Cu 
accumulation in Salvinia was similar in those plants grown at 2.0 and 2.5 mg l -1 . 
With the exception of those plants grown at 0.06 and 3.0 mg l -1 Cu. Salvinia 
uptake of Cu was significantly higher during the first seven days in comparison 
to 14 days of the experiment (Table 4). These results coincide with the BCF 
calculation ot each treatment after 14 days of Cu exposure that was nearly 20- 
fold higher in plants at 3.0 mg l -1 Cu in comparison to the control and twice as 
high in plants grown in 2.5 mg 1 1 Cu (Table 4). 


Discussion 

The association between reduced growth and increased Cu concentration 
(Table 1) has also been observed in several other aquatic plants such as Lemna 
nnnoi L. (Teisseire at al., 1998), Potamogeton pectinatus L., Vallisiwria spiralis 
L., Hydrilla verticillata (L.f.) Rovle (Guilizzoni 1991), and Elodea nuttallii 
(Planch.) St. )ohn (Van der Werff and Pruvt, 1982). Sarkar and Jana (1986) 
reported that Azolla pinnata R. Br. growth was significantly reduced following 
exposure to 2.0 mg 1 Cu, whereas plants at 1.0 mg 1 1 exhibited growth similar 
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Table 4. Cu uptake (pg Cu g _1 d. wt) in Salvinia after seven and 14 days of exposure to varying 

concentrations. LSD (P = 0.05) = Least Significant Difference value for difference between means 

within a column. Same letter denotes no statistical difference. Lower case letters denote 

differences between treatments within a day and upper case letters denote differences between 

days within treatments. N = 12. Bioconcenration factor (BCF) was determined as the ratio of Cu 

concentration in the plant tissue relative to the concentration in the external media after 14 days of 
exposure. N = 6. 



Length of exposure (days) 


Cu (mg 1 ') 

7 

14 

BCF 

0.06 (control) 

1.50.35 aA 

167.33 aA 

308.91 a 

1.0 

1833.54 bA 

735.62 abA 

1390.08 ab 

2.0 

2934.90 cA 

1545.49 bcB 

2132.87 be 

2.5 

3111.67 cA 

2413.75 cB 

3111.63 c 

3.0 

3519.20 cA 

4304.44 dB 

4304.44 d 


to the control after 28 days of incubation. A possible explanation of decreasing 
Salvinia growth with increasing Cu concentrations might be attributed to Cu- 
induced ethylene production. Matoo et al., (1986) reported that intercellular 
membrane and organelle disintegration in giant duckweed ( Spirodela oligor- 
rhiza (Kurz) Hegelm) resulted from induced ethylene production by copper. In 
our study, reduction in Salvinia growth was directly related to a decline in C0 2 
assimilation as a function of Cu increase (Table 3). The negative impact of 
increasing Cu concentration on C0 2 assimilation was reported to be due to the 
inhibitory effect on the electron transport of photosystem II (PS II) (Sarkar and 
Jana, 1986; Renganathan and Bose, 1989). The decline in PS II was attributed to 
degradation and leakage of the chloroplast membrane induced by Cu 
(Ouzounidou et al., 1993). Furthermore, the decline in C0 2 assimilation might 
be influenced by the reduction in photosvnthetic pigments, which was 
associated with increasing Cu concentrations (Table 2). A reduction in 
photosynthetic pigment concentration in Salvinia has been associated with 
an increase in metal contamination (Gardner and Al-Hamdani. 1997; Nichols 
et al., 2000). Sarkar and Jana (1986) attributed the reduction in chlorophyll 
concentration to the influence of Cu on declining chlorophvllase activity. 
Furthermore, the decline in C0 2 assimilation and photosvnthetic pigment 
might be related to membrane destruction by lipid peroxidation, which was 
found to be associated with an increase in Cu accumulation (Halliwell and 
Gutteridge 1984). Mattoo et al. (1986) reported that free radical formation was 
induced by an increase in Cu concentration that later reformed into H 2 CC. As 
a defense mechanism against increasing free radicals, plants usually respond bv 
increasing catalase activity (Foyer et al., 1994). Catalase activity was found to 
decline gradually in duckweed as Cu concentrations increased above 0.2 mg 1 1 
in the nutrient media (Teisseire et al., 1998). 

Copper uptake by Salvinia was significantly higher with an increase in Cu 
concentration in the growth media (Table 4). With the exception of those plants 
grown in 3.0 mg l _l Cu, the concentration of Cu in Salvinia was significantly 
higher at the end of seven days of plant growth in comparison to that at day 14. 
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In calculating Cu uptake as jig g~* plant dry weight, growth should be 
considered a factor in interpreting the values at each individual treatment. 
This conclusion equally reflects Cu uptake in plants grown in 3.0 mg T‘ Cu, 
where growth was severely affected at the end of seven days with a chlorotic and 
necrotic appearance that advanced with time. However, the BCF was highest for 
the plants grown in 3.0 mg 1 ’ Cu iollowed by a decreasing order as the Cu 
concentration decreased in the media. In comparison with other species. 
Salvinia uptake of Cu was comparable to that obtained with monkey flower 
[Mimulus guttatus DC.; Tilstone and MacNair, 1997) and iceplant ( Mesembry - 
cinthemum crystallinum L.; Thomas et ciL, 1998) using equivalent Cu 
concentrations and incubation periods. In addition, Salvinia has the ability to 
survive and grow under highly eutrophic environments unsuitable for other 
species found in similar environments such as Azolla and duckweed (Reddy 
and DeBusk, 1985). This can be used as an additional indication that Salvinia 
can be considered an essential agent in phytoremediation. 

In conclusion, this study demonstrated that increases in Cu concentration 
from 1.0 to 3.0 mg 1 1 negatively impacted plant growth, photosynthetic 
pigments, and C0 2 assimilation. However, the reduction in plant growth was 
not severe enough to totally inhibit plant growth even at Cu concentrations of 
3.0 mg l 1 . Salvinia demonstrated the ability to accumulate significant 
concentrations of Cu in its tissues. This, in addition to its high growth rate 
and ease in harvesting, make it a possible candidate for phytoremediation. 
However, further research should be implemented to investigate the perfor¬ 
mance of Salvinia under field conditions. 
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